Potenciales basados en topología para el estudio de las transiciones de plegamiento y agregación de proteínas by Prieto Frías, Lidia
UNIVERSIDAD COMPLUTENSE DE MADRID 
FACULTAD DE CIENCIAS QUÍMICAS 
Departamento de Química Física I 
TESIS DOCTORAL 
Potenciales basados en topología para el estudio de las transiciones de 
plegamiento y agregación de proteínas 
MEMORIA PARA OPTAR AL GRADO DE DOCTOR 
PRESENTADA POR 
Lidia Prieto Frías 
Director 
Antonio Rey Gayo 
Madrid, 2018 




ﬁﬃﬂ "!$#&%'ﬂ)(*ﬂ,+.-/')-102!4365.-87:9.;<(=%>0)!$ﬂ (=+.-$?-1ﬂ)(*;.3=%@ﬂ (=5A3B!C!ED9<+!8+.%GF-10)H,!ﬀ/'(=I15J+.%GKﬃ0)-4L
M





























































































































































































N5!i+.%O3B!ﬀﬂ^/E!402!ﬀ/¿2%>0 Ł=ﬂ\2(=/>!ﬀﬂﬃ?.0 (=5./'(=?!ﬀ3*%>ﬂ^+.%O3B!ﬀﬂﬃ?<0)-ﬀ)%>Ł=5.!ﬀﬂT%'ﬂTﬂ 9±%'ﬂ 20 9./')9.02!n!iH±!ED1-ﬀ0)ŁB!
+.%%'ﬂ "!4ﬂOH,!ﬀ/'0)-1Hl-13='/>9.3=!ﬀﬂ>c:%'5Ì/'-15.+.(*/>(*-15.%>ﬂ6;<(=-13*I11(=/>!ﬀﬂ>c!ﬀ+<h9<(=%>0 %>59.5!f%'ﬂ 20 9./')9.02!f20 (=+.(*H,%'5L







0)%'3B!ﬀ/'(=-15.!ﬀ5¬ﬂ %>/>9<%>5./'(B!·D¬%'ﬂ )0)9./¿29.0)!]D¬3=!ﬀﬂ?.0 -1?.(*%>+!ﬀ+<%>ﬂ+.%'3b?.0 -/'%>ﬂ -C!G20)!Pﬀ>ﬂf+.%'3b/'9!ﬀ3b9<5!
Î>u&
^








ﬁﬃ3<%'ﬂ 29<+.(=-+.%T%>ﬂ\2%6?.0 -/'%>ﬂ)-ﬂ %¦?.9.%'+.%¦3*3=%'P4!ﬀ0&!R/>!ﬀ;-R+.%>ﬂ +.%6H9<Di+.(*ﬂ 2(*52-1ﬂ&?.9.52-1ﬂ½+.%bP(=ﬂ L
2!<cﬀ"!45:)-j%ﬀ?%'0)(*H,%'5:2!ﬀ3=%'ﬂ />-ﬀH,-µ)%>I10 (=/>-ﬀﬂ>nﬁﬃ5%>ﬂ\2%620)!ﬀ;!)( -j7.%'H,-1ﬂﬃ3*3=%¿Pﬀ!4+.-!/E!ﬀ;-9.5l%>ﬂ\29.+.(*-





+.-/'-15G3=!2'/>5.(*/E!f+.%*ﬂ<Þ! Þﬀå å=á¿å	" áﬀﬁ+ﬂáﬀüà ä,ﬀn.-%>Hl-1ﬂ6-1?"!ﬀ+.-?-1069.5!f0 %>?.0 %>ﬂ)%'5"!ﬀ/'(=I15G0)%>+<9./>(*+!
+.%@3=!ﬀﬂ?<0)-ﬀ)%>Ł=5.!ﬀﬂ>c&+.%@H±!45.%>0)!]h:9.%@%>3¦%'3=%¿Pﬀ!4+.-Z5:k.H,%'0)-Z+.%±102!ﬀ+<-1ﬂ+.%@3*(=;%>0 2!ﬀ+¬+<%>3¦ﬂ (=ﬂ )%>H,!













/'9<D1-1ﬂRH,-15<I1H,%'0)-1ﬂ ﬂ -15]3*-1ﬂR!4H,(*5.-ﬀ/'(=+.-1ﬂ'nﬁﬃﬂ )-1ﬂµ!ﬀHl(=5<-ﬀ/>(*+.-1ﬂ¦ﬂ -15·Hl-13='/>9.3=!ﬀﬂ6-10 ﬀ5.(*/E!ﬀﬂOh:9.%
/'-152(=%'5.%>5°9.5Õﬀ0)9.?-J!ﬀHl(=5.-ONQPSRUTWVAXD_9.5Õ10 9.?-Jﬀ/>(*+.-YNZP+[1\]\>T^X¿n_!ﬀﬂ?.0 -ﬀ2%'Ł=5!4ﬂ±%>ﬂ L
2ﬀ5
M




























































%>3&%>5.3=!ﬀ/>%%>520 %%>3&10)9<?-/>!ﬀ0);-15.Ł*3=(*/>-fD]%'3½5.(e20 I11%>5<-!ﬀHlŁ=5.(*/>-l%>ﬂµﬂ %>5./'(=3*3=-.n×(*5·%>H;!ﬀ0)ﬀ-.c%'5
3B!·ﬂ %>19<5.+!C+.%3B!ﬀﬂ
M




























































!ﬀHl(=5.-1ﬀ/>(*+.-1ﬂ^h:9.%%>ﬂ69.5.!?.0)-ﬀ)%>Ł*5!<c>ﬂ )-1ﬂ¦ﬂ %9.5.%>5@%'520)%ﬂ Łu!)02!EP1'ﬂ6+.%µ9.5%>5<3B!ﬀ/'%R?%>?<)Ł=+.(*/>-.n
gµ!ﬀ+.!ﬀﬂ^3B!ﬀﬂ />!ﬀ02!4/'2%'0)Ł*ﬂ 2(*/E!ﬀﬂﬃ+<%6%>ﬂ )%%'5.3B!4/>%¦D+<%O3=!ﬀﬂ />!ﬀ+.%>5.!ﬀﬂT3=!42%'02!ﬀ3*%>ﬂ&+.% 3=-1ﬂ^!ﬀHl(=5<-ﬀ/>(*+.-1ﬂ
h:9.%







)02!ﬀﬂ6'ﬂ 2-ﬀﬂ>c!ﬀ3?-13*(=Hl%>0 (=ÓE!40)ﬂ)%4c:+!ﬀ53=9.1!ﬀ0¦5.-10 H±!43=Hl%>52%R!9.5!f+.(=ﬂ\20 (=;.9./'(=I15±+.%3=-15<1(*)9.+.%>ﬂb+.%
/>!ﬀ+.%>5.!GD$9.5!]ﬂ %>/>9<%>5./'(B!]+.%,H,-ﬀ5.I1Hl%>0)-ﬀﬂ!43=%E!W2-10 (B!ﬀﬂ'cu3B!ﬀﬂj?.0 -ﬀ2%'Ł=5!ﬀﬂiﬂ)-ﬀ5?-ﬀ3=Ł=Hl%>0 -1ﬂ3=(*5.%E!43=%>ﬂ
5.-i02!4H,(e¥/E!ﬀ+<-1ﬂ />-ﬀ5,9.5.!j3*-15.1(e29.+Dﬂ)%>/'9.%>5</>(B!j+.%O!ﬀHl(=5.-1ﬀ/>(*+.-1ﬂ½+<%'2%'0)Hl(=5!4+!ﬀﬂ>nﬀQ6+.%>H,ﬀﬂ>cﬂ -15
/>!ﬀ?!ﬀ/'%>ﬂ6+.%R!ﬀ+.h:9.(=0 (=0Ö9.5!%'ﬂ )0)9./¿29.0)!20)(*+.(=Hl%>5<ﬂ)(=-ﬀ5!ﬀ3/>-ﬀ5./>0 %'"!n<gR%R%>ﬂ 2!%>ﬂ\20)9</'29<02!+.%'?%'5.+.%
3=!
M

















+.%f9<5Z%>5.3=!ﬀ/>%?%'?<2Ł*+.(=/'-/>9<D1!@1%>-1Hl%')0)Ł=!,(=Hl?-15.%i/>(=%'0 2!ﬀﬂR0 %>ﬂ )0)(*/>/>(*-15.%'ﬂµ/>-15
M
-10)H,!ﬀ/>(*-15!ﬀ3*%>ﬂ!




























3*-1ﬂ%'3=%'H,%'5:)-1ﬂR+<%%>ﬂ\20 9./')9.02!±ﬂ %>/'9.5.+!ﬀ0 (B!±(*52%>0)!ﬀ/>/'(=-15<%>5]%'520)%ﬂ)ŁËnQ3B!l+.(=ﬂ ?-1ﬂ (=/'(=I15Ì+.%%'ﬂ )-1ﬂ
























9<5./>(*I15dn½`b-1H,-GD!·ﬂ)%@7.!]+.(=/"7<-.c½%'ﬂ "!·%'ﬂ )0)9./¿29.0)!]P(*%>5.%±+.%')%>0)Hl(=5.!ﬀ+!]?-103=!Gﬂ %>/>9<%>5./'(B!
+.%Ì!ﬀHl(=5.-1ﬀ/>(*+.-1ﬂ>n&QR36?.0 -/'%>ﬂ -8Hl%>+.(=!ﬀ52%@%'36/>9!ﬀ369<5!$/>!ﬀ+.%'5!$+<%G!4H,(*5.-ﬀ/'(=+.-1ﬂ!ﬀ+.h:9.(*%>0)%3=!
%>ﬂ\20 9./')9.02!l+.%>3u%'ﬂ "!4+.-,5.!42(eP1-+.%j3B!?.0 -ﬀ2%'Ł=5!fﬂ %i3*%/>-15<-/'%i/'-1Hl- ¸&ª	¬	 n
/10£³0 ´µ?AHJ¶>@>· ¸ﬀH=WF<; ©KH¹B8DE;GF<HJIA=ª@19«0











-10)H,!ﬀ/>(*I15Ì0)%>ﬂ ?%'/')-G!3=!±%>ﬂ\20 9./')9.02!@+.%'3 %>ﬂ\"!ﬀ+.-@5.!42(eP1-@+.%9<5!
?.0 -ﬀ2%'Ł=5!@%>ﬂ\"/>-+.(*¥./E!ﬀ+!@%'583=!ﬂ)%>/'9.%>5</>(B!Ì+.%l!ﬀHl(=5.-4/>(=+<-1ﬂ¾En!0)%>3=!ﬀ/>(*I15Z%>5)0)%%>ﬂ\20)9</'29<02!
D@ﬂ %>/>9<%>5./'(B!%>ﬂO+.(=0 %>/'2!D@%>ﬂ\"!ﬀ+.Hl(*)(=+!+<%>ﬂ)+<%7!4/>%D!H9./"7.-2(*%>Hl?-<n×(*5Ì%'H;!ﬀ0 1-.c%ﬀ(=ﬂ L
2%'58+<(
M
%>0 %>52%'ﬂ?.0)%'19.5"!4ﬂﬂ -1;.0)%f%'3ﬃ?.3=%'!ﬀHl(=%'5:)-+.%?.0 -ﬀ2%'Ł=5!ﬀﬂRh9<%lﬂ (=19<%>5Cﬂ)(*5$0 %>ﬂ -13*Pﬀ%>0>nNO5
-1;,( %¿2(eP1-Ch:9.%ﬂ)%7!Z?%'0)ﬂ %>19.(*+.-C%>53=-ﬀﬂfk.3*)(=Hl-1ﬂ!ﬀm<-1ﬂf%>ﬂ?-+.%'0f?.0)%'+.%>/'(=0f3=!·%>ﬂ )0)9./¿29.0)!$+<%






!ﬀHl(=5.-1ﬀ/>(*+.-1ﬂﬃD/'-15@%>3%>52-10 5.-D,/>I1Hl-f!ﬀ/¿2k!ﬀ5@?.!ﬀ02!3*3=%'!ﬀ0T!3B!%'ﬂ )0)9./¿29.0)!+.%>3d%'ﬂ 2!ﬀ+.-f5!4)(eL
P1-<nQ6+.%'H±4ﬂ>c%>ﬂ 2±"!ﬀH;.(='5Gﬂ (=5·0 %>ﬂ)-ﬀ3*P1%'0R3=!,/>9<%>ﬂ )(=I15]+.%/'I1H,-,%>ﬂ?-1ﬂ (=;.3*%h:9.%9.5!±?<0)-ﬀ)%>Ł=5.!
?.3*(=%>ﬀ9.%j+.%H,!ﬀ5.%'02!f"!ﬀ5Ì024?.(=+!+!ﬀ+<-±%>3%'3=%'P4!ﬀ+<-,5:k.Hl%>0 -±+.%i102!4+.-1ﬂO+.%3*(=;%>0\"!ﬀ+h:9.%i?-1ﬂ %>%4n






































%'ﬂÖ5<-10)H,!ﬀ3=Hl%>5)%b+.%'H±!ﬀﬂ (B!ﬀ+<-µ102!45.+.%6/>-ﬀH,-?!402!?%'5.ﬂ2!40ﬃ%>59.5H,%'/E!ﬀ5<(=ﬂ)Hl-µﬂ (=5;!ﬀ0 0)%>0)!ﬀﬂﬃ?!ﬀ0)!
3=!i!4+.h:9.(=ﬂ (=/>(*I15+.% 3B!%>ﬂ\20 9./')9.02!i+.%>3%>ﬂ\"!ﬀ+<-5!W2(*Pﬀ-.n:ﬁﬃﬂ )%7.%'/"7.-3*3=%¿P1Ii!i9<5!i5:9.%¿P4!iP(=ﬂ (=I15+.%'3
?.3*%>!4H,(*%>52-@+.%?.0 -ﬀ2%'Ł=5!4ﬂﬂ)%>ﬀk.583=!/>9!43Ëcd?!402!@9.5$H,% ( -10%>52%'5.+.(*H,(*%>52-+.%f%'ﬂ 2%l?.0 -/'%>ﬂ)-<c
3*-]H,ﬀﬂ(*H,?-10 2!ﬀ52%%>ﬂ2%>5<%>09<5!]P(=ﬂ)(*I15¬ﬀ3=-1;!43ﬃ+.%ﬂ)9¬ﬂ)9.?%>0\¥/>(*%+.%%'5.%>0 1ŁB!Ì?-ﬀ)%>5./'(B!ﬀ3¾nuQ








9.5.+.(*+!ﬀ+@(=5<+.(=/>!3B!%'5.%>0 1ŁB!+<%>3dﬂ (=ﬂ )%>H,!<c<+<%H±!ﬀ5<%>02!h:9.%i!ﬀ3
M
-15<+.-@+.%>3&%>H;<9.+.-.c%>5Z%>3&H,Ł*5.(=Hl-+.%%'5.%>0 1ŁB!<cﬂ)%%>5./'9.%>520)!@%>3½%'ﬂ 2!ﬀ+.-@5!4)(*Pﬀ-.nÆ!@!ﬀ5</"79<02!
+.%'3¦%>H;.9.+.-C%>ﬂf(*5.+.(*/E!4)(*P4!]+.%@3=!]%>520 -1?.Ł=!·+.%>3¦ﬂ (=ﬂ\2%>H,!<n&Q Pﬀ!43=-10 %>ﬂ%'3=%'P4!ﬀ+<-1ﬂ+.%@%'5.%>0 1ŁB!·%'3





%>ﬂ 2!ﬀ+.-@+.%'ﬂ)5!W29.0)!ﬀ3=(*ÓE!ﬀ+.-<ch:9.%%>ﬂR9<5·%>ﬂ\"!ﬀ+.-@+<%!ﬀ3e"!,%'5.%>0 1ŁB!c%'ﬂµ9.5·%'ﬂ 2!ﬀ+.-
/'-159.5!Ì%>3*%'P4!ﬀ+!Ì%>520 -1?.ŁB!n
Q ?%>ﬂ2!40+.%,3B!?%'5.+.(=%'52%±5<%>!4)(*P4!h9<%±+.(*0)(=ﬀ%l%'3T?<3=%>1!ﬀH,(*%>52-
7!4/>(B!f3=!f!ﬀ+.h:9.(=ﬂ (=/'(=I15@+.%'3u%>ﬂ\"!ﬀ+.-l5!4)(*Pﬀ-.c.3B!ﬂ 9.?%>0 ¥./>(=%i+.%j%>5<%>0)ﬀŁB!%>ﬂO0)9<1-1ﬂ2!f+.%jH,!ﬀ5.%'02!fh:9.%


































ë2ô÷ ë"ò ë2é4ï\ûEú2ðlEé,ë"òZÇÈh:ë2ö1k>ïXðñúüûiëtpë2öSu'hoiç1ië¦ô'pñë2øWû>öðñë2éWï ç'm
ﬁﬃﬂ 2!59<%'P4!±P(=ﬂ)(*I15·+.%'3½?.3*%>!4H,(*%>52-l+.%?.0 -ﬀ2%'Ł=5!4ﬂµ(=Hl?.3=(*/E!fh:9.%5.-@%(=ﬂ )%9.5Zk.5<(=/>-±/E!ﬀHl(=5.-
+.%?<3=%>1!ﬀH,(*%>52-<cﬂ)(=5<-±P4!ﬀ0)(*-1ﬂ>c!±3=-,3B!ﬀ0 1-±+<%3B!lﬂ)9.?%>0\¥/>(*%+.%%'5.%>0 1ŁB!<ch:9.%+.%'?%'5.+.%'5$+<%3B!ﬀﬂ

























$Zjﬁfà äà®ﬁlÞﬀåüãâﬀ"Ë Þ!"à $Wä,X)ÂEn½ﬁﬃ5A/'9!ﬀ3*h9<(=%>0/E!ﬀﬂ -.c ﬂ)(b;.(=%'5A%'ﬂf/>(*%>0 )-Zh:9.%ﬀcﬃ/'-1H,-]/>-15.ﬂ %>/'9.%>5./'(B!
+.%@3=!]%'Pﬀ-13=9</>(=Iﬀ5dc½3=!ﬀﬂ?.0 -ﬀ2%'Ł=5!4ﬂﬂ)%@/'-15.ﬂ)(*+.%>0)!ﬀ5Jﬂ)(*ﬂ )%>H,!ﬀﬂHlŁ=5.(*H±!ﬀHl%>5)%
M





+.%C3=!?<0)-ﬀ)%>Ł=5.!¬DÕﬂ)9°Ò%ﬀ(*;.(=3*(=+!ﬀ+ Ä DÕ?.0 -P(*%>5.%4c6?.0)(*5./>(*?!ﬀ3*H,%'5:)%ﬀcT+.%C3B!ﬀﬂ@(*5:)%>0)!ﬀ/>/'(=-15.%'ﬂ5.-
3*-/>!ﬀ3=%'ﬂ>n



























3*9.!ﬀ0'cﬃ%>3O?%'0 ¥3O+.%]%'5.%>0 1ŁB!$3=(*;.0)%?.0 %>ﬂ)%'5"!+.-1ﬂlHlŁ=5.(*H,-1ﬂ
g
































ïX÷\û>é:ò ðñú2ðlEéië6ïXð ô.çµíï ç!içjçéûi:û'ýû*peûï ë2öô<ë2÷\û>ï%h÷\û>ië ïX÷\û>é:òXðñú2ðlEéﬃmõpö éð öjç>iëJuûAv û









n1Kﬃ0 -ﬀ2%'Ł=5!ﬀﬂ&H±4ﬂ 102!45.+.%>ﬂ½?.9.%>+<%>5ﬂ)%'19.(=0½9.5f?.0)-/>%'ﬂ)-+.%¦Vµ-µH±4ﬂ %>ﬂ\"!ﬀ+.-ﬀﬂ'¿n







02!4/'2%'0)Ł*ﬂ 2(*/E!ﬀﬂi2%'0)Hl-+.(*5ﬀHl(=/>!ﬀﬂD¬/'(=5.¿2(=/>!ﬀﬂ+<%>3bﬂ (=ﬂ\2%>H,!]+!4+.-.n&ﬁ^5/'-15./>0 %')-.c½%'5J%>3b/>!ﬀﬂ)-Z+<%
?.0 -ﬀ2%'Ł=5!ﬀﬂ6?%>h:9.%'m!ﬀﬂO+.%j?.3=%'!ﬀHl(=%'5:)-f9.3*)02!WLþ02ﬀ?<(=+.-.c%>5Ì3=-ﬀﬂ6k.3*)(=Hl-1ﬂ¦!ﬀm<-1ﬂ ﬂ)%j7!?-1ﬂ\29.3=!ﬀ+.-f3=!























5!40ﬂ)(ﬃ9.5!@?.0 -ﬀ2%'Ł=5!?<3=(=%'!@!±20)!EP1>ﬂi+.%f9.5.!)02!ﬀ5.ﬂ (=/'(=I15·+<%l+<-1ﬂj%>ﬂ 2!ﬀ+.-1ﬂ%'ﬂj%>3ﬃ+.%'5.-1Hl(=5!ﬀ+<-




)9.02!<n×(%>ﬂ\"!%'5"!ﬀ3*?.ŁB!j%>ﬂT(=19!43-?!ﬀ0 %>/'(=+!!3B!j3=3=!ﬀH,!ﬀ+!µ%>52!ﬀ3=?.Ł=!i+<%P4!ﬀ5	ï {-O-!ð&ch:9.%0)%>ﬂ 9.3*2!
+.%R!)( 9.ﬂ\"!ﬀ0T3B!j/>9.0\Pﬀ!i+.%R/>!ﬀ?!ﬀ/'(=+!4+±/E!43=-10 Ł*¥/>!!i9.5Hl-+.%'3=-j+.%+.-1ﬂb%'ﬂ 2!ﬀ+.-1ﬂ'cﬂ %R/>-ﬀ5.ﬂ)(*+.%>0)!h:9.%
3=!±202!45.ﬂ)(*/>(=Iﬀ5Z%>ﬂj+.%%>ﬂ\2%f2(*?-








































"!4H;.(='5/>-ﬀ5.-/'(=+.-R/>-1Hl-µ?.3*%>!ﬀHl(=%'52-)(=?-fß,$fýﬃä.÷à å å cW/>-1Hl-µ%'3<+.%¦3=!µF½(*19.02!

n§n1gR%'ﬂ)+.%63*9.%>ﬀ-





























































































×%?.9.%'+.%+.%>/'(=0h:9.%9.5!@?.0 -ﬀ2%'Ł=5!/'-158H,!ED1-10*[>\ h:9.%-ﬀ)02!?.0 %>ﬂ)%'5"!G9<5!@H±!ED1-ﬀ0


















peûlîëtpñçﬀú2ðli:ûiUiëô'pñë2øWû>öðñë2é4ï ç¨sÌëtpﬃçE÷Zië2é iëú"çEéWï\ûEú2ï çìÇÈh:ëúthû>éWïXðúüû¨peû,ú"çEöô'pñë vËðli:ûi













;.9.%'5!@/>-10 0)%'3B!ﬀ/'(=I15G%>520 %! #"%$'&)(+*6D^[1\,nQR9.5<h9<%f%>3½P4!ﬀ3*-10+<%f3B!,/'-15.ﬂ\"!ﬀ52%/'(=5.¿2(=/>!,(]5.-ﬂ %
?.9.%'+!G(*5
M




!ﬂ 9.?%>0 ¥./>(=%+<%%>5.%'0)1Ł=!%>ﬂ 2f+.(=0 %>/'2!ﬀHl%>52%0 %>3B!4/>(=-ﬀ5!ﬀ+!i/>-153B!/'(=5.¿2(*/E!+.%'3u?.0)-/>%'ﬂ)-.n
























!EP1-10 %>/>%'5ﬂ)9!ﬀ10)%'!ﬀ/'(=I15  Ã
¾ 
nK&-10Ö-ﬀ)02!?.!ﬀ0 )%ﬀc:/>9!45.+.-%'32!ﬀH,!ﬀm.-jD,3=!i/'-1Hl?.3=% ( (=+!ﬀ+
%'ﬂ 20 9./')9.02!43 +.%3=!±?.0)-42%>Ł*5!!ﬀ9<H,%'5:2!ﬀ5dc%>3½?<0)-/>%>ﬂ -@+.%f?.3*%>!ﬀHl(=%'52-.c!±ﬂ 9CPﬀ%>Ó4cdﬂ)%f/'-1H,?<3=(=/>!<c
-1;<ﬂ)%>0\P4ﬀ5.+.-1ﬂ %3B!±!4?!ﬀ0)(*/>(*I15]+.%f(*52%>0 H,%'+.(=-ﬀﬂ>nﬁ^5Z3=!±/>'3=9.3=!±%ﬀ(*ﬂ 2%'5CH,%'/E!ﬀ5.(*ﬂ)Hl-1ﬂO?!ﬀ02!%¿P(*"!40
3*-1ﬂ6?.0)-ﬀ;.3=%'H±!ﬀﬂbh9<%i?<9.%>+!45G+.%'0)(ePﬀ!40)ﬂ)%+<%%>ﬂ 2!lH,!ED1-106/'-1Hl?.3=% ( (=+!ﬀ+±+.%>3u?.3*%>!4H,(*%>52-&'c</>-1Hl-



















-ﬀ0)H,!ﬀ/>(*I15f+.%!ﬀ10)%'!ﬀ+.-ﬀﬂÖ+<%?.0 -ﬀ2%'Ł=5!4ﬂ>ngR%7.%>/"7<-.c:3=-1ﬂÖ!ﬀ10 %>!4+.-1ﬂÖ!ﬀﬂ)-/>(=!ﬀ+.-1ﬂﬃ/'-15±%'ﬂ 2!ﬀﬂ
%'5
M




h:9.%3=-l7!ﬀ/>%'5·%>5]3B!ﬀﬂ 3B4H,(*5!ﬀﬂJ°J/E!402!ﬀ/¿2%>0 Ł=ﬂ\2(=/>!ﬀﬂ +.%3=!l%'ﬂ )0)9./¿29.0)!±+.%i?.0)-ﬀ)%>Ł*5!ﬀﬂ>nﬁﬃﬂ )-1ﬂµ!410)%üL
!4+.-1ﬂ6?.9.%'+.%>5G/>0 %>/>%'0;.!ﬀﬂ 2!ﬀ52%ﬀc+.!ﬀ5.+.-3=9<!ﬀ06!¥;.0)!ﬀﬂO!ﬀHl(=3=-ﬀ(=+.%'ﬂT(*5.ﬂ)-13*9.;.3*%>ﬂ>n<K½!ﬀ0 %>/'%ﬂ %>0 h:9.%
3=!G%>ﬂ\20 9./')9.02!·+.%,3B!ﬀﬂj¥;.0)!ﬀﬂ%'ﬂ/>-ﬀHk.5?!402!Ì)-+.!ﬀﬂ3=!ﬀﬂ?<0)-ﬀ)%>Ł=5.!ﬀﬂh:9.%±+!ﬀ53*9.!ﬀ0!G%'ﬂ 2%,2(eL
?-+.%f!410)%'!ﬀ+.-1ﬂ'c®(*5.+.%>?%>5<+.(=%'5:)%>Hl%>52%+.%/>9.ﬀ3½ﬂ %E!ﬂ)9Z%'ﬂ )0)9./¿29.0)!@DÌﬂ %>/>9<%>5./'(B!<nug%7.%>/"7<-.c





























9.%>0 Ó>-8?!ﬀ02!C%>ﬂ />3=!ﬀ0)%'/>%>0l%>36Hl%>/>!ﬀ5.(*ﬂ)Hl-$+<%]!ﬀﬀ0)%>1!ﬀ/>(*I15J+.%Ì?.0)-ﬀ)%>Ł*5!ﬀﬂ>cﬃ/'-15A%>3 -1;,( %¿2(*Pﬀ-8+<%
(=5)%>0 Pﬀ%>5.(*0^%>5±'3?!ﬀ02!j%'P(e"!ﬀ0 3=-D%>5./'-1520)!ﬀ0Tﬂ -13=9</>(=-ﬀ5.%>ﬂÖ!j3B!ﬀﬂ^%>5
M
%>0)Hl%>+.!ﬀ+.%>ﬂT!j3B!ﬀﬂ^h:9.%ﬀc:?!40)%>/'%






n,ç¦!( -/>-ﬀ5.+.(=/'(=-15<%>ﬂÖ%>5h:9.%µ3=!i%'ﬂ 2!ﬀ;.(=3*(=+!4+,+.%'3%'ﬂ 2!ﬀ+.-5!W2(*Pﬀ-%'ﬂ "+.(=ﬂ H,(*59<(=+!
?%>0)-f3=!ﬀﬂb(*52%>0)!ﬀ/>/'(=-15<%>ﬂ¦5.-f/'-Pﬀ!43=%>5)%>ﬂ6h:9.%R)(=%>5<%>5@3=9<!ﬀ0b5<-f%>ﬂ 2ﬀ5@+.%'3®2-+.-(*H,?%>+.(*+!ﬀﬂ'c'ﬂ 2!ﬀﬂ










×(=%'5.+.-@%'ﬂ 2-Ì!ﬀﬂ ŁËc3B!!ﬀﬀ0)%>1!ﬀ/>(*I15Z?-+.0 ŁB!,)%>5.%'03=9.!40µ!20)!Pﬀ>ﬂj+.%f9.5CHl%>/>!ﬀ5.(=ﬂ H,-
+.%(=5)%>0)/>!ﬀH;.(*-@+.%f+.-1Hl(=5<(=-1ﬂqN ß,$fﬁlÞﬀà äCâﬀýÖÞﬀﬂ'ﬂà ä,Xüc®ﬂ (=%>5<+.-Ì2!ﬀH;.(*>5Z5.%'/>%'ﬂ2!ﬀ0 (B!@3B!@?.0 %>ﬂ)%'5./>(=!

























?.0 -ﬀ2%'Ł=5!ﬀﬂbﬂ)-152!ﬀ3=%'ﬂ¦h:9.%3B!?<0)%>ﬂ %>5./'(B!+.%(*52%>0 H,%'+.(=-ﬀﬂb-f3B!?-1ﬂ (=;.(*3=(*+!ﬀ++.%j!ﬀ10 %>!4/>(=Iﬀ5±D±H,!ﬀ3
?.3*%>!ﬀHl(=%'52-·%'ﬂ "45AHl(=5<(=Hl(=ÓE!4+!ﬀﬂj?-ﬀ0f!ﬀ/>/'(=I15J+<%@3B!]%¿P1-13*9./>(*I15dc½ﬂ (=%'H,?.0 %@%ﬀ(=ﬂ\2%@3=!]?-ﬀﬂ)(=;<(=3=(ñL
















+.%'ﬂ)5!W29.0)!ﬀ3=(*ÓE!ﬀ+.-<c?%>0 -5.-f%>5@%'ﬂ 2!ﬀ+.-1ﬂ¦(*52%>0 H,%'+.(=-ﬀﬂ>n<×(3=!%>ﬂ\"!ﬀ;<(=3=(*+!ﬀ+l+.%>3®%>ﬂ 2!ﬀ+.-5.!42(eP1--f3=!
/'--1?%>0)!42(eP(=+!ﬀ+±+.%µ3B!i202!45.ﬂ)(*/>(=Iﬀ5ﬂ)%µPﬀ%>50)%'+.9./>(*+!ﬀﬂ6?-10¦/'9!ﬀ3=h:9.(*%>0T02!ﬀÓ'I15dc<3=!!ﬀ10 %>!4/>(=Iﬀ5%>ﬂ\"
M
!EP1-ﬀ0)%>/'(=+! &tÃ À ün½×(=58%>H;!40)1-.cﬂ %±7!ﬀ5¬-1;.ﬂ)%'0 P4!ﬀ+.-]/E!ﬀﬂ -1ﬂ+.%,?.0)-ﬀ)%>Ł*5!ﬀﬂih9<%?.3=(*%>!45¬!202!EPﬀ>ﬂ
+.%±9.5!G)02!ﬀ5.ﬂ (=/'(=I158+.%±+.-ﬀﬂ%>ﬂ\"!ﬀ+.-ﬀﬂ%>5h:9.%±%>3b?<3=%>1!ﬀH,(*%>52-Ì-/>9.0 0)%±%'5/>-ﬀH,?%')(=/>(*I15$/>-15J3=!
!ﬀﬀ0)%>1!ﬀ/>(*I15dnﬁ^5Z%'ﬂ )-1ﬂµ/E!4ﬂ)-1ﬂ'cd%ﬀ(=ﬂ\2%9<5Z(=52%'0)/E!4H;.(=-,02ﬀ?<(=+.-±DG0)%¿P1%'0)ﬂ)(*;.3=%%>520 %fH,-15<I1H,%'0)-1ﬂ
+.%'ﬂ)5!W29.0)!ﬀ3=(*ÓE!ﬀ+.-ﬀﬂ D%>ﬂ 2!ﬀ+.-1ﬂÖ!ﬀﬀ0)%>1!ﬀ+.-1ﬂ'n:ﬁ^5l-ﬀ)0)-1ﬂ^/E!4ﬂ)-1ﬂ'c%>ﬂ 2!/'-1H,?%')(=/'(=I155<-i)(=%>5<%O3*9.!ﬀ0
¾
Ä'n
ﬁﬃ5/>-ﬀ5./>3*9.ﬂ)(*I15dc?.9.%'+.%b+<%>/>(*0)ﬂ %Th:9.%4c4ﬂ (;<(=%>57!EDj?.0)-ﬀ?.(=%'+!ﬀ+.%'ﬂ&+.%'3:?.0)-/>%'ﬂ)-µ+.%T!ﬀ10 %>!4/>(=Iﬀ5
h:9.%Ö0)%'ﬂ)?-15.+.%'5!ﬀ3?.0 (=5./'(=?.(*-6+.%
M
0)9.ﬂ\20)!ﬀ/>(*I15HlŁ=5<(=H,!<cü?!ﬀ0)%'/>%Öh:9.%T%'ﬂ )%T?.0 -/'%>ﬂ -R%>ﬂ\" ?.0)-Pﬀ-/>!ﬀ+.-
?-103B!/'-1Hl?%¿2%>5</>(B!%'520)%(*5:)%>0)!ﬀ/>/'(=-15.%'ﬂ5.-%>ﬂ ?%'/>Ł*¥./E!ﬀﬂjh:9.%%>520)!ﬀ5$%>5C/>-15Ò(=/¿2-9.5!ﬀﬂ/'-15
-ﬀ)02!ﬀﬂ'n.Q?%>ﬂ2!406+.%h:9.%3B!ﬀﬂb?.0)-ﬀ)%>Ł*5!ﬀﬂ67!ﬀ5ﬂ (=+.-fﬂ %>3=%'/>/'(=-15!4+!ﬀﬂ¦%¿P1-13*9<2(ePﬀ!4H,%'5:)%µ?!ﬀ0)!f(=Hl?%'+.(=0
ﬂ 9Õ!ﬀ10 %>!ﬀ/'(=I15®c 3B!ﬀﬂl/>-ﬀ5.+.(=/'(=-15<%>ﬂ+.%]3=!Z/>>3*9.3B!ZD3B!C0)9<1-1ﬂ)(*+!ﬀ+A+.%Ì3B!Cﬂ)9.?%>0\¥/>(*%]+.%Ì%>5.%'0)1Ł=!
?-ﬀ2%'5./>(=!ﬀ3d(*5:)0)-+.9./'%>5Ì9.5Gﬀ02!ﬀ+.-+.%
M
0 9.ﬂ )02!ﬀ/'(=I15%>5Ì%>3uﬂ (=ﬂ\2%>H,!h:9.%
M
!Pﬀ-10)%'/>%i%>ﬂ\2%j?.0)-/>%'ﬂ)-.n
/103280 ¦9Fx5K©8¸ﬀ;]9 ©8HBK?AHJ¶>@1· ¸AH=WF<; ©KH¹B8DE;GF<HJIA=ª@19«0

















































h:9.(=%'0)%7!ﬀ/'%>0 ﬂ)%l%>ﬂi9.58%'ﬂ )9.+.(=-ﬂ (=ﬂ )%>H,42(*/>-@+.%l3B!4ﬂ+.(
M
%'0)%>5)%>ﬂP4!ﬀ0)(=!ﬀ;.3=%'ﬂh:9.%(=5<Ò9D1%>58%>5$3B!ﬀﬂ


























/1065q0 ´Y;1F<H=K§«¸A@1?ﬀH987ª@19x@1©8;]9H= ?2@ F<;1B^;1?A;1¶>IA@¹©KHJ?jH9Fx@1©8;=K@:9







/'(=+.-@!4?!ﬀ0)%'/>%0 %>?.0 %>ﬂ %>5"!ﬀ+<-Ì?-109.5·/>%'520)-@+<%(=52%'02!ﬀ/'/>(*I15·h:9.%-/>9.?.!±9.5Z5:9.+.-@+.%9.5!±0 %>+
/'9!ﬀ+.0)!ﬀ+!<nﬁﬃ5%>ﬂ\"!0)%>?<0)%>ﬂ %>5"!4/>(=Iﬀ5dch:9.%j5.-?.9.%>+<%i-ﬀ0)(=ﬀ(=5!ﬀ0T5.(=5<19.5!f%>ﬂ\20 9./')9.02!0)%>!ﬀ3=(*ﬂ "!+.%





Pﬀ%>0R9<5!l0 %>?.0 %>ﬂ %>5"!ﬀ/'(=I15]%>5G)0)%'ﬂ+.(*H,%'5.ﬂ)(*-15.%'ﬂO+<%9.5GH,-+.%'3=-%>5G0)%>+®nK&!ﬀ0)%'ﬂ/'-1Hl-,%'3«NWL

oX¿c
H,!ﬀ0)/>!ﬀ+.-·%'5J3B!¥19.0)!<c½ﬂ -15J3=-1ﬂh:9.%ﬂ)%@/'-15.ﬂ (=+.%'02!]h:9.%@%'ﬂ "45
M
-10)H,!ﬀ5.+.-G9.5J/>-ﬀ5:2!ﬀ/')-Z%>5J%'3
%'ﬂ "!4+.-85.!42(eP1-.n^µ9.%'+!ﬀ5_!ﬀﬂ)Łb%>ﬂ 2!ﬀ;.3*%>/>(*+!ﬀﬂ/>9.ﬀ3=%'ﬂfﬂ)-15A3B!ﬀﬂ(=52%'02!ﬀ/'/>(=-ﬀ5.%>ﬂh:9.%3=-Z%'ﬂ "!4;.(=3*(=ÓE!45
D_h:9.%ﬀc¦ﬂ %>1k<5Õ%>3R?<0)(=5</>(=?<(=-$+.%
M




































































































ESTADO NATIVO CONFIGURACIÓN INSTANTÁNEA
Vij= -ε V= -ε x Nc
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